ABSTRACT
INTRODUCTION
The African trypanosome Trypanosoma brucei is transmitted by tsetse flies to its mammalian host where it causes a fatal disease commonly called sleeping sickness in humans and nagana in domestic livestock. The World Health Organization estimates that 300 000 new cases of human sleeping sickness occur annually, primarily in Sudan, Congo, Uganda and Angola, but the actual number is unknown because most infected persons live in areas with little or no medical care (1, 2) . Trypanosoma brucei replicates in the bloodstream of its mammalian host, where it is in constant contact with the immune system. To survive in this hostile environment, African trypanosomes have evolved molecular mechanisms to evade the immune responses. The best characterized of these mechanisms is antigenic variation, a phenomenon whereby bloodstream trypanosomes switch from one variant surface glycoprotein (VSG) on their surface to another at a rate of 10 -2 -10 -7 switches/doubling time of 5-10 h (3-5).
Although hundreds of VSG genes (VSGs) are present in the genome, under normal circumstances one, and only one, VSG is expressed at a time in a given bloodstream parasite (6) . The unexpressed VSGs are scattered throughout the genome, but all expressed VSGs studied to date are located near telomeres (for recent reviews, see [7] [8] [9] [10] . These telomere-linked VSG expression sites (ESs) have been defined as the sequences that extend from the VSG promoters to the telomeric repeats of (TTAGGG)n located downstream of the VSGs (7, 11) . Two types of ESs have been identified. Metacyclic ESs (M-ESs) express VSGs in metacyclic trypanosomes, the final developmental stage of the parasite in the tsetse fly (12) . After the parasite infects a mammalian host, VSG expression generally switches to a bloodstream ES (B-ES). There are ∼10-15 telomere-linked B-ESs and a similar number of M-ESs in the genome, only one of which is active at a time (13) (14) (15) (16) .
The conventional model of a B-ES is based primarily on a detailed characterization of the B-ES for the AnTat 1.3 VSG (reviewed in 7). This B-ES contains a promoter and a polycistronic transcription unit of 45-60 kb and is preceded by 20-40 kb of a 50 bp repeat element. The polycistronic transcription unit includes several ES-associated genes (ESAGs), 5-20 kb of a 70 bp repeat and the VSG. The AnTat 1.3 B-ES differs significantly from the few M-ESs that have been characterized (11, 17, 18) . These M-ESs have short (3-5 kb) monocistronic transcription units and generally lack all or most of the associated 50 bp repeats, 70 bp repeats and ESAGs of B-ESs.
To determine if other bloodstream VSG expression sites have a similar organization to the AnTat 1.3 B-ES, we examined the VSG expressed by T.brucei TREU 927/4 clone GUTat 10.1 (Glasgow University Trypanozoon antigen type 10.1). The complete sequence determination of the GUTat 10.1 genome is currently underway (19) , but no information is available on its expressed VSG or, for that matter, any of the VSGs in the genome of this trypanosome stock. We identified the VSG expressed by GUTat 10.1 and show here that VSG 10.1 is duplicated into a B-ES from a silent telomere-linked donor gene. We sequenced two telomere-linked genomic regions of ∼130 kb each, one that contains the GUTat 10.1 VSG donor copy and one that bears its B-ES. We find that the VSG 10.1 donor copy is located in an M-ES-like site and was duplicated into a B-ES. The VSG 10.1 ES is similar, but not identical, to the AnTat 1.3 B-ES. This work provides the first complete sequence analysis of both a telomere-linked donor VSG and its expressed copy, and generates the foundation for future studies on antigenic variation within the context of a fully sequenced African trypanosome genome.
MATERIALS AND METHODS

Trypanosome clones
Trypanosoma brucei TREU (Trypanosomiasis Research Edinburgh University) 927/4 (GPAL/KE/70/EATRO 1534) was isolated from a tsetse fly in Kiboko, Kenya in 1970 (20) , passaged in mice ∼12 times and cloned. This isolate is pleomorphic, tsetse transmissible, genetically competent and gives rise to chronic infections in mice (21, 22) . To generate a more virulent line with better stability of expression of variant antigen types (VAT) of this genotype, TREU 927/4 parasites were passaged in adult female CFLP mice 27 times at 2-3 day intervals (23). A single cell was then isolated optically and a sub-clone grown in a BALB/c mouse. The predominant VAT expressed by this clone has been designated GUTat 10.1. Mouse and rat VAT-specific antisera were generated using an infection/cure procedure as previously described (24) . To obtain a second clone expressing a different VAT, a patent infection of GUTat 10.1 was sub-curatively treated with 1.0 mg/kg cymelarsan (a kind gift from Rhone Merieux) on day four of infection and a trypanosome line sub-cloned from the subsequent relapse population on day 15. This line has been designated GUTat 10.3. Antibody analysis of the GUTat 10.1 and 10.3 trypanosomes indicated that these clones are ≥95% pure for expression of their respective VATs. Genomic DNA from the GUTat 10.1 clone is being used for sequence determination of the African trypanosome genome.
cDNA library construction
Total RNA was isolated from GUTat 10.1 bloodstream trypanosomes with Trizol reagent (Gibco BRL). Poly(A)+ RNA was selected using an Oligotex mRNA kit (Qiagen) and used to generate a unidirectional λ phage cDNA library via the ZAP-cDNA Synthesis Kit (Stratagene). Aliquots of 1 ml (>10 10 p.f.u.) of the amplified library were prepared and are available upon request.
Inverse PCR
Inverse PCR was performed as described by Willis et al. (25) . GUTat 10.1 and 10.3 DNA (5 µg) was digested to completion with HindIII or NgoMIV and purified with the QIAEX II Gel Extraction Kit (Qiagen) following the manufacturer's protocol for desalting DNA solutions. One-tenth of the recovered DNA (∼0.5 µg) was incubated for 12 h at 15°C with 5 U of T4 DNA ligase (Boehringer Mannheim) in 500 µl total volume. DNA was isolated with QIAEX II as described above and eluted in 100 µl. Sequences from the VSG 10.1 B-ES were PCR-amplified from 2.5 µl of circularized DNA with a 70 bp repeat-specific primer (5′-TATTCGTATATACACACTCACAACACTCTC-CTAT-3′) and a primer specific for the sequence located between the 70 bp repeats and VSG 10.1 (5′-AAAATAC-GACAGCAACCTATGACGAC-3′).
BAC clone sequence determination
A BAC library made from T.brucei GUTat 10.1 was used to select clones. Sheared BAC DNA (1.6-2 kb) was ligated to a modified pUC19 vector and transformed into Escherichia coli. Sequencing reactions were performed using BigDye primers or terminators (PE Biosystems), and were run on ABI377 and ABI3700 sequencers (PE Biosystems). Shotgun clones were sequenced to generate 7-8-fold coverage of each BAC. BACs were assembled from the shotgun sequences using the TIGR assembler program (26) and closed using a combination of BAC walking, directed PCR and transposition of individual shotgun clones. Annotation of the BAC sequences involved both DNA and protein database searches and gene prediction programs. Gene predictions were made using a modified version of GLIMMER (27) . Predicted protein sequences were searched against a non-redundant amino acid database and against hidden Markov models (HMMs) of the protein domains from pFAM3 and TIGR-built HMMs.
RESULTS AND DISCUSSION
Identification of the cDNAs for the VSGs expressed by T.brucei clones 10.1 and 10.3
Poly(A)+ RNA was isolated from bloodstream forms of GUTat 10.1 and 10.3 and used as template for reverse transcriptase-PCR (RT-PCR) (28) . The expressed VSGs were RT-PCR-amplified by using a 3′ primer complementary to the conserved 14mer found in the 3′ UTRs of all VSGs and a 5′ primer derived from the 39 nt spliced leader sequence at the 5′ ends of all trypanosomatid mRNAs (29, 30) . A single 1.7 kb product was obtained from GUTat 10.1 and 10.3 RNA, cloned into pBluescript plasmid and sequenced. The deduced amino acid sequences ( Fig. 1A and B) have significant homology to those of other VSGs in the GenBank database and possess the conserved cysteine residue near the mature VSG N-termini but, curiously, lack the several cysteines that usually occur near the mature VSG C-termini (31) .
Northern blots confirmed that these two cDNAs were derived from the VSG mRNAs expressed in GUTat clones 10.1 and 10.3 (Fig. 1C) . VSG 10.1 cDNA hybridizes to mRNA from GUTat 10.1, but not to mRNA from GUTat 10.3, whereas the VSG 10.3 cDNA had the opposite hybridization pattern. In addition, 14% of the plaques in a GUTat 10.1 bloodstream cDNA library hybridized to VSG 10.1 cDNA under high stringency wash conditions. These results, along with the sequence data, demonstrate that the cDNAs for VSGs 10.1 and 10.3 have been correctly identified.
VSG 10.1 is expressed from a duplicated gene copy
VSGs can be introduced into an active B-ES by several molecular mechanisms (reviewed in 7-10). The best-studied switching mechanism is gene conversion, or 'duplicative transposition', in which the VSG in an active B-ES is replaced with a duplicated copy of an unexpressed VSG. Other switching mechanisms include the duplicative conversion of an entire telomere plus its adjacent VSG to another chromosomal end (telomere conversion), and reciprocal exchange of two telomeres and their associated VSGs (telomere exchange). In addition, transcription of one B-ES can switch to another B-ES in situ without associated DNA rearrangements (in situ activation). In contrast, M-ESs appear to be only activated by an in situ mechanism; there is no evidence that DNA rearrangements are associated with their expression.
To determine if a DNA rearrangement was associated with expression of VSG 10.1, Southern blots were conducted (Fig. 2) . VSG 10.1 cDNA (probe A) hybridized strongly to two restriction fragments in GUTat 10.1 DNA, and to only one fragment in GUTat 10.3 DNA. This result indicates that VSG 10.1 is a single-copy gene in GUTat 10.3 trypanosomes and is expressed as a duplicated, expression-linked copy (ELC) in GUTat 10.1 trypanosomes. The ELC band is slightly weaker than the donor VSG 10.1 band, a phenomenon observed previously with other ELCs (11, 32) and thought to be due to heterogeneity in the number of telomere repeats in the fragment containing the expressed telomere-linked VSG ES (33, 34) . In addition, as is most apparent in the XhoI digest, the fragment containing the donor VSG 10.1 is a different size in the GUTat 10.1 and 10.3 DNAs. This result suggests the single-copy donor VSG 10.1 is also located near a telomere, and that the size difference is due to differing numbers of telomere repeats between the VSG 10.1 and the telomere in the two genomes. We confirmed that VSG 10.1 is telomere-linked in both GUTat 10.1 and 10.3 by PCR amplification with primers specific for VSG 10.1 and the telomere repeats. Sequence analysis of the PCR product revealed telomere repeats and 10.1 VSG sequences on opposite ends of the fragment (not shown).
Organization of the VSG 10.1 donor region
The 18 000 clones in the BAC library of GUTat 10.1 genomic DNA (19) were screened with the VSG 10.1 cDNA to identify clones that contain the VSG 10.1 donor region and B-ES. This genomic library statistically contains 84-fold coverage of the genome, but is under-represented in sequences near the ends of chromosomes. Nevertheless, we expected to identify two groups of positive BAC clones-one group containing the donor (telomere-linked) VSG 10.1 and another group possessing its ELC (also telomere-linked). Surprisingly, only one clone (BAC 45I2) in the BAC library hybridized to the VSG 10.1 cDNA. In contrast, a probe for VSG 10.3, which in preliminary Southern blots appears to be located at an internal site in a GUTat 10.1 megachromosome (D.J.LaCount, unpublished data), hybridized to 55 BAC clones.
Sequencing across the ends of BAC 45I2 revealed that the last 186 nt at one end are identical to the first 186 nt of the VSG 10.1 cDNA. Thus, we anticipated that this BAC insert extended from a site far upstream of either the telomere-linked donor VSG 10.1 or its ELC to the coding region of gene itself. To determine if BAC 45I2 included the donor or the expressed VSG 10.1, we sequenced the 132 kb insert (Fig. 3) . When the locations of the restriction sites near the VSG 10.1 end of this sequence were compared with the sizes of the different restriction fragments on Southern blots (Fig. 2 and data not shown) , we discovered that this BAC clone is derived from the region immediately upstream of the telomere-linked donor VSG 10.1, and does not contain the corresponding ELC. DNA probes from the region immediately downstream from the 70 bp repeats hybridized to both the donor copy and the ELC, but probes from the region immediately upstream from the 70 bp repeats hybridized only to the donor copy ( Fig. 2B and C) , indicating that the duplicated region in the ELC must include The location and coding strand of the genes and repeat elements in BAC clone 45I2 are indicated by boxes. Genes or repeat elements shown above the line are located on the 'top' strand and are oriented towards the telomere (black circle), whereas those shown below the line are located on the 'bottom' strand and oriented away from the telomere. Black boxes indicate known genes and genes with significant homology to known genes (see Table 1 ). White boxes designate hypothetical genes with no significant homology to known genes. the region from the 70 bp repeats through at least the VSG gene. The large-sized fragment observed in all lanes with probe C is due to cross-hybridization of this probe to another region(s) of the genome.
The sequence of BAC clone 45I2 has several striking features. The first half of this 'donor VSG 10.1' region, i.e. ∼65 kb, is comprised of 35 closely spaced, tandemly arrayed open reading frames (ORFs), all of which are on the 'bottom' strand and are predicted to be transcribed away from the telomere (Fig. 3A) . This 35 gene cluster extends to the extreme end of the sequence, and may contain additional genes outside the region sequenced. Thus, the gene organization in T.brucei appears to be similar to the polycistronic clusters of genes in the published 270 kb sequence of Leishmania major chromosome 1 (35) . Also as observed in Leishmania, there is no apparent relationship or metabolic connection among these trypanosome genes. None of these genes encode VSGs or appear to be involved with antigenic variation. Rather, the proteins encoded by these genes are involved in a variety of cellular processes including cell division, DNA and protein metabolism, signal transduction, and translation (Table 1) . Two-thirds of the predicted genes code for proteins with no substantial homology to known proteins, and are therefore designated hypothetical proteins. None of these 35 genes are tandemly repeated, as is the case for some other T.brucei genes.
The remaining 67 kb of this donor VSG 10.1 region, extending down to the donor VSG 10.1 and telomere repeats, is gene-poor and much less organized. Among the notable features in this region are three ribosomal mobile element (RIME) sequences (36, 37) , a pseudo-ESAG 1 (containing internal termination codons), two tandemly arranged GRESAG 2.1 genes, and two copies of the 5 kb INGI retrotransposonlike element (38, 39) . The two INGIs are separated by ∼22 kb that contains a procyclic acidic repetitive protein gene (PARP) transcription terminator sequence (40) and 10 hypothetical ORFs, none of which have substantive matches in the databases.
The sequence downstream of the second INGI displays substantial similarity to the sequences of M-ESs, including the M-ESs for MVAT5 VSG, VSG 1.61 and VSG 1.22 (17, (41) (42) (43) (44) . This region includes an ESAG 1 gene followed by 13 copies of 70 bp repeats and the donor VSG 10.1. Based on this organization, the VSG 10.1 donor region appears either to be, or to have been, an M-ES. Within this 132 kb sequence, there are no 50 bp repeats that have been found to precede B-ESs.
In other known M-ESs, the region located downstream from ESAG 1 contains conserved metacyclic VSG promoter elements (32, 42, (44) (45) (46) (47) . This region within the 132 kb has a high degree of sequence identity with the corresponding regions from MVAT5 VSG, VSG 1.22, and VSG 1.61 M-ESs ( Fig. 3B and C) . Over the first 2900 bp following ESAG 1, three blocks of sequence covering 2257 bp have >80% sequence identity with the VSG 1.22 M-ES. In addition, the last 1300 bp before the 70 bp repeats are ∼84% identical to sequences from the VSG 1.61 and MVAT5 VSG M-ESs. The sequence immediately prior to the MVAT5 homology region contains 28 of 32 residues previously found to be conserved among the MVAT4, 5 and 7 promoters (Fig. 3C ) and 15 of 16 residues conserved among the MVAT promoters and the bloodstream VSG promoters (data not shown) (32) . The conservation of these promoter sequences suggests that this region is an M-ES, although this must still be verified experimentally.
Organization of the B-ES for VSG 10.1
Since BAC clone 45I2 is derived from the region containing the donor VSG 10.1 and no other BAC clones hybridize to the VSG 10.1 cDNA, we cloned the DNA sequence upstream from the 70 bp repeats in the VSG 10.1 ELC by inverse PCR (Fig. 4) . As depicted in Figure 4A , GUTat 10.1 and 10.3 genomic DNA was digested with restriction enzymes that cleave on both sides of the 70 bp repeats and ligated to form predominately circular DNA. These circles were then used as templates for PCR amplification using two divergent primers-one within the 70 bp repeats and one upstream of the restriction site between the 70 bp repeats and VSG 10.1. The subsequent PCR product(s) were then cloned and sequenced. When GUTat 10.1 genomic DNA was digested with either HindIII or NgoMIV and the fragments circularized, two PCR products were obtained from GUTat 10.1 DNA (one each from the donor copy and the ELC) and one product was obtained from GUTat 10.3 DNA (from the donor copy only) (Fig. 4B) . The sequence of the 3.2 kb product from the HindIII digest and the 1.6 kb product from the NgoMIV digest exactly matched the sequence from BAC 45I2, confirming that these products were derived from the donor VSG. In contrast, one end of the 1.8 kb product from the HindIII digest and the 1.6 kb product from the NgoMIV digest (the PCR products derived for the ELC) contained new sequence. This sequence has significant homology to ESAG9 from Trypanosoma equiperdum (48) and exactly matched the end sequences of two DpnII-BAC clones in the TIGR T.brucei Genome Project database (http:// www.tigr.org/tdb/mdb/tbdb/). The sequence of BAC clone 26P8, which has the larger insert, was determined. A summary of the annotation of this 135 kb sequence is shown in Figure 5A .
The first 80 kb of this sequence is highly complex, but surprisingly gene-poor. This region contains two clusters of four and two tandemly repeated INGIs, respectively, separated by ∼8 kb of sequence with nine short hypothetical ORFs. Twenty hypothetical ORFs are found between the last INGI pair and 50 bp repeats that begin ∼80 kb into the BAC clone. These ORFs are nearly equally distributed on both strands and do not appear to form a polycistronic transcription unit. Seven ORFs have limited homology to RNA polymerase subunits, but are likely to be pseudogenes. This entire region appears to have been generated by multiple duplication and/or recombination events. Sequences from 51.3 to 54.7 kb and from 59.0 to 64.0 kb are imperfectly repeated at 66.7-70.3 kb and at 69.5-74.5 kb, respectively. The 26 kb from 48.5-74.5 kb are repeated multiple times in an extremely complex pattern in BAC 3B10 and BAC 25N24 from T.brucei chromosome II and near one telomere in chromosome I (http://www.sanger.ac.uk/ Projects/T_brucei and http://www.tigr.org/tdb/mdb/tbdb). Closely related sequences are also found in a long-distance anchored PCR product described as originating from the region upstream from the 50 bp repeats in the AnTat 1.3 ES (accession number AF193542, direct submission by G.Rudenko, A.Dirks-Mulder, T.van Welsem and P.Borst). Much of the sequence between the two INGI clusters is highly homologous to sequences from chromosomes I, II and VI. Thus, this repetitive region preceding the VSG 10.1 ES is highly conserved in other chromosomes, suggesting that it is functionally important.
The entire sequence following the 50 bp repeats resembles a B-ES (Fig. 5A) . A potential bloodstream VSG promoter sequence with only four nucleotide differences from the 75 bp AnTat 1.3 promoter region occurs immediately after the 50 kb repeats. This promoter is followed by seven ESAGs (ESAGs 7, 6, 5, 8a, 3, 4 and 8b) and five interspersed pseudogenes (pseudo-ESAG 3 and -VSG after ESAG 5 and pseudo-ESAG 8, -VSG, and -ESAG 9 after ESAG 8b) (Fig. 5A) . The pseudogenes have internal stop codons or truncations and are unlikely to encode functional proteins, but may represent the vestiges of past ESs. Approximately 15 kb of 70 bp repeats are found after pseudo-ESAG 9, the exact sequence of which was not determined because the 70 bp repeats are downstream of the sequence present in BAC 26P8. The only ORF between these 70 bp repeats and the telomere repeats is VSG 10.1. The sequence of the expressed VSG 10.1 exactly matches the sequence of the VSG 10.1 donor copy, indicating that no point mutations occurred in the formation of the ELC, in contrast to the MVAT5 VSG ELCs derived from the MVAT5 VSG M-ES in another serodeme that we have examined previously (41, 45) .
The overall organization of the GUTat 10.1 B-ES (Fig. 5A , second line) is similar to the AnTat 1.3 B-ES (15) (Fig. 5B) . Both B-ESs are ∼45 kb long, have nearly identical promoters located shortly after the 50 bp repeats, and include several ESAGs (Fig. 5C) . Consistent with the designations of GUTat 10.1 and AnTat 1.3 as T.brucei brucei, both lack the serum resistance-associated gene that confers resistance to normal human serum and which is found in some B-ESs (49) . The similarity between the ESs extends beyond the level of overall The GUTat 10.1 B-ES bears little similarity to the VSG 10.1 donor region, other than the presence of INGI and RIME sequences. The putative VSG 10.1 M-ES (Fig. 3) is smaller and less complex than the B-ES, having only a promoter, 70 bp repeats and the VSG. The sequences upstream of the VSG 10.1 B-ES and M-ES differ extensively. The distance between the putative M-ES and the first upstream polycistronic transcription unit in the interior of the chromosome is ∼58 kb, whereas the corresponding distance upstream of the B-ES is at least 100 kb, and possibly much more. In addition, the region adjacent to the M-ES lacks the repetitive sequences described above and the 50 bp repeats that occur immediately upstream of the B-ES promoter. It is not clear why these sequences, which are conserved in several B-ESs, are unnecessary in the VSG 10.1 M-ES.
In conclusion, this study provides the first look over a 130 kb range of a telomere-linked donor VSG and its corresponding telomere-linked B-ES. In addition, this report lays the foundation for future studies on antigenic variation in GUTat 10.1, the T.brucei clone whose genome is being sequenced. We have shown that VSG 10.1 is expressed from a B-ES that is remarkably similar to the AnTat 1.3 B-ES, which may indicate that this is the general organization for B-ESs in T.brucei. Furthermore, our study has uncovered additional complexity in B-ESs. The region upstream of the 50 bp repeats contains sequences that are repeated both internally and in the regions near other T.brucei telomeres. These sequences are not found in the donor VSG 10.1 M-ES, which also lacks 50 bp repeats. The significance of these repetitive sequences is unclear, but the fact that these sequences are present near telomeres in multiple chromosomes suggest that they are important. What, if any, role do they play in recombination, chromatin remodeling, or ES silencing? The answers to these questions will provide further insights into the molecular biology of gene expression and antigenic variation in African trypanosomes.
